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Abstract In this article, construction of the most precise possible probabilistic model for the estimation
of seismic demand in steel moment-resisting frames, with different heights, using the Bayesian Statistic,
is attempted. In this study, after proving that the best form for defining the model is a linear combination
of the logarithm of Intensity Measure (IM) parameter, the best IM was selected based on the practicality,
efficiency and sufficiency of models. Some particular results show that the precision of models with one
single IM depends on the number of stories in the structure, so nomodel including the current one, i.e. the
one with spectral acceleration in the first period as IM can be introduced as the best model of all frames
with whatever height. Since making use of a combined IM including two spectral values as a solution is
not practical due to the extreme difficulty of producing a multiple parameter seismic hazard curve, in this
study it was shown that the best possible method for construction of the model is the use of two single
IMs, i.e. the best model to cover all structural heights is the onewith a linear combination of the logarithm
of spectral acceleration at the first and second periods.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
In Performance Based Design (PBD), a reliable method
in designing of structures, the performance of the structure
is defined within the framework of demand, capacity and
limit state [1]. Naturally, this method will produce valid
and acceptable results when these triple components are
determined with acceptable precision. It might be argued
that estimation of seismic demand parameter is the most
challenging part of the problem [2].
The main challenge in estimation of this parameter is the
uncertainty of ground motion resulting from an earthquake
(including earthquake magnitude, distance, fault mechanism,
etc.) and also the nonlinear behavior of structures (such as
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etc.), which all should be considered [2]. Because of these
uncertainties, which can be described in terms of those
originating from randomness (aleatory) and modeling errors
(epistemic), using a probabilistic method for the treatment of
both randomness and uncertainty is required in this estimation.
This method is generally known as the Probabilistic Seismic
Demand Analysis (PSDA) [3].
PSDA, an integral part of PBDmethodologies, is an approach
to estimate the mean annual probability exceeding a specified
seismic demand for a given structure at a designated site [4].
Due to multidimensional interaction between different sources
of randomness and uncertainty existing in the seismological,
structural and economical aspects of a structure as a loss
exposure, it has been known to be computationally and
practically impossible to treat all sources of uncertainty
simultaneously in PSDA [5]. Overcoming this complication,
Cornell and co-workers suggested solving this problem by
dividing it into two separate domains; namely seismological
and structural, by means of introducing an intermediate
parameter called the ground motion Intensity Measure (IM)
[6–8]. In this method, the IM hazard curve representing the
intensity of earthquake ground motion (routinely computed
via probabilistic seismic hazard analysis) is combined with
the demand results obtained from the Nonlinear Dynamic
Analysis (NDA) of the given structure under a set of selected
ground motion records with an increasing trend of IM. This
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in applied probability, known as the total probability theorem.
With DR denoting a structural seismic demand e.g. maximum
inter-storey Drift Ratio, and IM as a selected intensity measure,
the problem of estimation of seismic demand can be expressed
mathematically as follows [8]:
λDR(x) =
∫
P [DR > x|IM = y] .|dλIM(y)|. (1)
In this equation,λDR(x)means themean annual frequency of DR
exceeding the value x.λIM(y)means themean annual frequency
of IM exceeding the value y, which is also known as ground
motion hazard in terms of IM evaluated at y, and |d · · · |, which
denotes the absolute value of its differential with respect to IM,
also evaluated at y.
The term, P[DR > x|IM = y], which means the probability
of DR exceeding the value x, given that IM equals y, is the
most important term and the main issue of concern here. By
assuming a normal distribution,Φ , for dispersion, this term can
be calculated as follow [8]:
P [DR > x|IM = y] = 1− Φ

ln(x)− µ(y)
σ

. (2)
In this equation, µ(y) and σ are the mean and standard
deviations of the selected Probabilistic Seismic Demand Model
(PSDM). PSDM, which is in fact the main core in calculations
of the estimation of seismic demand, is a mathematical
expression relating structural demands at the component level,
e.g. maximum inter-storey drift ratio, to the demand at the
system level, i.e. the selected IM parameter [9].
PSDM has a fundamental role in the estimation of seismic
demand, and without having a proper PSDM, one cannot be
certain of the validity and reliability within the PBD framework.
Consequently, the selection of a proper model should be
based on different indices, such as practicality, sufficiency,
effectiveness and efficiency [10]. A PSDM can be defined in
mathematical form as follows:
D(IM, θ, σ ) = d(IM, θ)+ σ .ε, (3)
where d is the deterministic part of the model, θ is the vector
of unknown model parameters, ε is a normal random variable
with zero mean and unit standard deviation, representing the
uncertainty in the model, and σ is the unknown standard
deviation of the model. The σ in the above equation is the same
standard deviation used in Eq. (2). Themean used in Eq. (2) is in
fact just the result of Eq. (3) when ε is zero; on the other hand,
it is equal to the deterministic part of PSDM.
By this brief introduction, which indicates the significance
of PSDM in the estimation of seismic demand within PBD,
the objective of the study can be defined. In this study, it
is attempted to construct the most precise possible PSDM
for steel moment-resisting frames with different numbers of
stories. By the construction of PSDM here, it means selection
of its proper mathematical form and selection of the best
intensity measure. The use of Bayesian statistics, which are
powerful tools in simultaneous modeling of uncertainty and
randomness, instead of classic statistics, in all statistical and
probabilistic calculations, can increase the reliability of the
results. Also, in this study, NDA has been done thorough
incremental dynamic analysis and based on results several
databases have been produced for statistical estimations that
can cover all performance levels.As said previously, the target structures in this study are
Steel Moment-Resisting Frames (SMRFs), and for generalizabil-
ity of results, generic frames have been used for their modeling.
In this article, maximum inter-storey Drift Ratio (DR) is chosen
as the displacement-based structural demand (themaximum is
obtained as the peak in response time histories over all stories
in the frame). DR is an adequate seismic demand parameter for
describing the seismic behavior of SMRFs to assess overall struc-
tural collapse [1].
2. Bayesian statistical approach
In this article, the Bayesian statistical approach is incor-
porated to estimate the form and all unknown parameters of
PSDMs. This method can properly account for prevailing un-
certainties, such as the type of statistical and modeling un-
certainties [9]. Here, only a brief description of this method is
presented as follows [11]. Analogous to PSDM in Eq. (3), Let:
F(x, θ, σ ) = f (x, θ)+ σ .ε, (4)
be a mathematical model for predicting variable F , in terms
of a set of observable variables, x, in which f (x, θ) is the
deterministic part of the model, and the definition of θ , ε and σ
is similar to Eq. (3). So, the set of unknown parameters must be
estimated using Bayesian statistics in the presence of available
information, ψ(θ, σ ). In the Bayesian approach, this is done
through the well-known updating rule:
q(ψ) = c.L(ψ).p(ψ), (5)
where p(ψ) can be viewed as prior distribution reflecting the
state of knowledge about ψ prior to obtaining the information,
L(ψ) is the likelihood function, which is a function proportional
to the conditional probability of making an observation on x
and y for a given value of the parameters, and reflects the
objective information, q(ψ) is posterior distribution reflecting
the updated information about ψ , and c is a normalizing factor
necessary to ensure that the posterior distribution integrates to
one. In this article, the regression tool relies on Markov chain
Monte Carlo simulation techniques and yields fully Bayesian
posterior mean or posterior mode estimation. Details can be
found in [12,13].
3. Generic archetype steel moment-resisting frames
The results of this study will be useful when they can
be applied to all types of SMRF, not just to a special model
of these structures. In order to reach this end and cast a
reliable archetype of SMRFs, the concept of generic frames is
adopted in this paper. NDA is carried out using a family of
two-dimensional single-bay generic SMRFs for 3-, 6-, 9-, 12-
and 15-storey structures. The first mode period equals 0.3, 0.6,
0.9, 1.2 and 1.5 s, the second mode period equals 0.1, 0.23,
0.35, 0.48 and 0.6 s, and the third mode period equals 0.05,
0.13, 0.20, 0.29 and 0.35 s, respectively. The results of different
studies show that using a single-bay generic frame can properly
demonstrate the behavior of multi-bay frames [14]. Nonlinear
beam–column elements with concentrated plastic hinges at
two ends, connected by an elastic element, are adopted
for modeling the frames. The nonlinear behavior in plastic
hinges is modeled implementing rotational springs (with
stiffness and strength deterioration). The peak-oriented model
is then applied to specify the hysteretic behavior (Figure 1).
Also, in order to consider cyclic deterioration, the modified
model suggested by Ibarra and co-workers has been used.
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In this model, the cyclic deterioration parameter is accounted
for applying deterioration criterion within the concept of
hysteretic energy dissipation [15]. Main characteristics of this
family of frames are as follows; more details can be found
in [14].
• The same mass is used at all floor levels.
• The frames have constant storey height equal to 3.66 m and
beam span equal to 7.32 m.
• The same moment of inertia is assigned to the columns in a
storey and the above beam.
• Relative stiffness is tuned so that the first mode is a straight
line.
• Plasticization just occurs at the end of the beams and at the
bottom of the first storey columns.
• Frames are designed so that simultaneous yielding at all
plastic hinge locations is attained under a parabolic (NEHRP,
k = 2) load pattern.
• Global (structure) P-delta is included (member P-delta is
ignored).
• Moment–rotation hysteretic behavior is modeled using
rotational springs with peak-oriented hysteretic rules and a
cyclic deterioration parameter equal 30 (Figure 1).
• For the NDA, 5% Rayleigh damping is assigned to the
first mode and the mode at which the cumulative mass
participation exceeds 95%.
The open source for simulation in earthquake engineering
established by PEER, known as OpenSees, is selected to model
these frames and perform the NDA [16].
4. Selection of ground motion records
In this paper, it is aimed to avoid the bias of results to the
characteristics of selected records of an earthquake. In fact,
these records should be selected in such a way that firstly
their nature (magnitude, distance and frequency content) and
secondly their number have no effect on results, so that the
results can be interpreted with a global scene to every category
of groundmotion records. For this purpose, first the bin strategy
philosophy has been considered for the selection of ground
motion records in order to achieve the results affected by all
possible earthquakes with likely magnitudes and distances.
Second, a considerable number of records are selected for NDA
to maintain the unbiased nature of the outcome.
In this article, using a bin strategy, 80 groundmotion records
have been selected from the PEER Center Ground Motion
Database (http://peer.berkeley.edu/smcat/) and classified into
four magnitude–distance bins for the purpose of NDA of
SMRFs [17]. The record bins are designated as follow:• Large Magnitude–Short Distance Bin, LMSR (6.5 < Mw <
7.0, 13 km < R < 30 km),
• Large Magnitude–Long Distance Bin, LMLR (6.5 < Mw <
7.0, 30 km < R < 60 km),
• Small Magnitude–Short Distance Bin, SMSR (5.8 < Mw <
6.5, 13 km < R < 30 km),
• Small Magnitude–Long Distance Bin, SMLR (5.8 < Mw <
6.5, 30 km < R < 60 km).
5. Incremental dynamic analysis
As previously mentioned, in this study, nonlinear dynamic
analysis has been used within the Incremental Dynamic
Analysis (IDA) concept for the production of databases required
for statistical computation and construction of PSDM. Given
a structure and ground motion, IDA is done by conducting a
series of NDA. In this process, the IMof groundmotion increases
incrementally and the selected seismic demand parameter is
monitored during each analysis [18]. The extreme values of
demand parameter are plotted against the corresponding value
of the IM for each level to produce a database and consequently
the unknown model parameters are estimated based on this
database. In this article, the Spectral Acceleration of the first
mode (SA1) of ground motion records is scaled from a small
value to a high level, which may lead to the overall collapse
of the modeled frames by a scale factor of less or more than
one. Here, overall collapse is identified, either via detecting the
non-convergence of dynamic analysis or a large increment in
structural deformations with a small increment in intensity, or
the demand response reaches a certain value that is defined as
the collapse limit. In fact, each record is scaled from SA1 =
0.05 g to the larger possible value in the vicinity of collapse,
with 0.05 g steps incrementally and each time a NDA is
performed.
As an example, in Figure 2, the result of IDA is shown for the
case of 3- and 15-storey frames. It should be noted that in order
to avoid presenting figures with dense information, the results
of 20 groundmotions of the LMLR group are depicted instead of
full range of 80 records. From this figure, the difference between
the behaviors of these two frames is clearly shown. While
the 3-storey frame, representing a low-rise and stiff structure,
remains nearly linear before reaching the yielding point, in
the 15-storey frame, a high-rise and deformable structure, the
changes in behavior from linear to nonlinear occur gradually.
After separating the points at which collapse has occurred,
and when no longer applicable for estimation of seismic
demand [19], the remaining points will be collected in
databases, which, considering the intensity measure used in
their calculations, all will be related to SA1. The numbers of
these data points in databases, which are in the form of a pair
(SA1, DR), are 4929, 5035, 3769, 2823 and 2206 in 3-, 5-, 9-, 12-
and 15-storey frames, respectively.
Following theproduction of these databases, other databases
should be generated, in which the IM parameter is a quantity
other than SA1. Considering the fact that the nature of all IMs
used in this study is in the form of spectral acceleration, this
can be done easily, being possible using the acceleration spec-
trum of the selected records. In order to do this, it is sufficient to
calculate the value of the new IM parameter corresponding to
the SA1 value by use of the acceleration spectrum of the studied
record, and to use it instead of SA1 in paired data points in order
for the considered database to be constructed.
Although, with the change of IM, the number of data points
in the databases will remain fixed, their dispersion will change
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make different IMs have different precisions and accuracies in
estimation of DR. As an example, four different databases have
been drawn in Figure 3 for 3- and 15-storey frames in which
IM parameters are first and secondmode spectral accelerations.
From this figure, changes in the dispersion of points, due to
the changes in the IM in each frame, is tangible, i.e. in a 3-
storey frame. When the intensity measure changes from first
mode spectral acceleration to the second mode, the dispersion
of points will increase tangibly; however, in a 15-storey frame,
the same change decreases dispersion.
6. Selecting the best form for the construction of PSDM
using Bayesian statistics
Obviously, the first step in the construction of the most
precise possible PSDM is the selection of an appropriate form
for its deterministic part in Eq. (3), which is the main focus
and objective of this section. Here the selection of form
means finding a mathematical expression which can show the
relation between the mean value of selected intensity measure
parameter and the value of Naperian logarithm of seismicdemand, which is DR at different performance levels, in the best
possible and accurate way. Hereafter the basic IM is used to
construct PSDM, i.e. Peak Ground Acceleration (PGA) and the
first, second and third mode spectral accelerations (SA1, SA2 &
SA3). In other words, the objective is to find function f () in the
following relation:
ln(DR) = f (IM), IM = PGA, SA1, SA2, SA3. (6)
Using the Bayesian statistics on databases related to frames
with a different number of stories, the best possible mathe-
matical expression for the description of f () for the selected IM
will be obtained at different performance levels; part of its re-
sults is drawn in Figure 4 as an example for the shortest and
highest frames, i.e. 3- and 15-storey frames. Considering these
figures, it can be argued that the estimated function, f (), for dif-
ferent IMs and in frames with a different number of stories, has
more or less the same status. Also, it seems that the best pos-
sible mathematical form for the description of this relation is a
linear combination of the Naperian logarithm of IM. For study-
ing this matter, such a combination has been drawn with dash
lines in all these figures. It can be seen that this ideal relation has
acceptable compatibility with the estimated functions through
M. Mahdavi Adeli et al. / Scientia Iranica, Transactions A: Civil Engineering 18 (2011) 885–894 889Figure 4: Estimated relation between DR and four different IM parameters in 3- and 15-storey frames and comparison with ideal mathematical form (dashed line).the Bayesian Approach. But it is obvious that this compatibil-
ity is not the same for different IMs. As an example, in 3-storey
frames, when the intensity measure is SA1, the estimated func-
tion has incomparable compatibility with the ideal relation, but
in the same frame, when the IM is SA2, compatibility reduces
tangibly.
Generally, by considering all obtained results in this section,
it seems that a linear combination of the Naperian logarithm ofIM is the best form for defining PSDM for all intensity measure
parameters and all frames with a different number of stories.
So, Eq. (3) will be rewritten as follows and will be used for
construction of the best PSDM:
ln(DR) = a. ln(IM)+ w + σ .ε. (7)
In this relation, a and w are the model coefficients, which
combined with standard deviation, i.e. σ , constitute model
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the existing information and Bayesian Statistic. Now, for
construction of the best PSDM, the only remaining component
of this equation, i.e. the intensity measure, should be selected,
which will be considered in the next section.
7. Selecting the best intensity measure parameter for the
construction of PSDM using Bayesian statistics
After determining form, i.e. Eq. (7), the best intensity
measure should be selected for estimation of seismic demand,
in order to construct the best PSDM. The selection of this
optimal intensity measure should be viewed from three
different approaches. The first is to be practical, that is it
should be applicable to both seismology and structural parts
of the PSDA problem. This is greatly significant, especially in
determining the annual frequency of exceeding. The second
view is that the selected intensity measure should make PSDM
be efficient. Here, the efficiency of the model means that its
standard deviation is the least possible. It is obvious that the
more the value of standard deviation decreases, the more its
accuracy will increase in estimation of seismic demand. The
last point about the selection of the best intensity measure is
that it should lead to the sufficiency of the model. Sufficiency
of the model means that its standard deviation is constant.
This constancy and stability should be at different performance
levels of the structure and should also be true for structures
with a different number of stories. This increases the reliability
of results obtained from the model and makes the model
reliable.
In this section, different intensitymeasureswill be evaluated
for selection of their best in the construction of PSDM using
Bayesian statistics. Due to the significance of the model
standard deviation, which is indicative of the amount of
variability of a demand parameter, given an IM, for determining
the efficiency and sufficiency of the model, this parameter will
be the main criteria in the selection of the best IM. All the
studied intensitymeasures in this section are defined using four
main IMs, i.e. PGA, SA1, SA2 & SA3 and PSDMs are divided into
three categories, based on the intensity measure used in their
construction, including PSDM with one single IM, PSDM with
one combined IM and PSDM with two single IMs.
7.1. PSDMs with one single IM
The simplest and most practical method for construction of
PSDM is the use of one of four parameters of PGA, SA1, SA2 and
SA3 as the intensity measure in Eq. (7). Using this method, four
PSDMs will be obtained as follows:
Model No01: ln(DR) = a. ln(PGA)+ w + σ .ε,
Model No02: ln(DR) = a. ln(SA1)+ w + σ .ε,
Model No03: ln(DR) = a. ln(SA2)+ w + σ .ε,
Model No04: ln(DR) = a. ln(SA3)+ w + σ .ε.
Now, for selecting the best IM, it is necessary to estimate the
standard deviation of these four models for modeled frames
with a different number of stories by the Bayesian statistic.
As mentioned, using this estimated standard deviation, it is
possible to judge the efficiency and sufficiency of these four
PSDM.
In Figure 5, the estimated standard deviations for four
models of No01–No04 have been shown for individual frames.
It can be concluded from this figure that the standard deviations
of studied models are greatly dependent on the number of
stories. On the other hand, the accuracy of these models in
frames with a different number of stories is different; this is
not good, as it is indicative of the insufficiency of these models.An obvious example of this can be seen in model No02, which
is the main model, mentioned in PBD, and which is nowadays
used widely. Although this model, which estimates the seismic
demand based on SA1, is the best model for low-raise frames
with 3- and 6-storeys and is appropriately accurate, with an
increase in the number of stories of the frames, σ increases too,
and the model loses accuracy in such a way that, in the 9-, 12-
and 15-storey frames, it is regarded as an insufficient model.
It is noticeable that in a 15-storey frame, model No03, which
estimates DR based on SA2, is themost accurate model, but this
model in a 3-storey frame is considered as the weakest PSDM.
Possibly, it can be said that the only sufficient model among
these four models is model No01, which estimates seismic
demand based on PGA and whose standard deviation is almost
independent of the number of stories, but the problem is that
its high standard deviationmakes it an insufficient model. Also,
considering the values of σ , it is obvious thatmodel No04 is also
an improper model in respect to sufficiency and efficiency.
Generally, and as a conclusion to this section, it should
be mentioned that although four constructed models in this
section are all practical and simple, their efficiency and
sufficiency are suspected and doubtful. On the other hand, no
model with a single intensity measure can be recommended
for all frames with different number of stories. It seems
that in cases of using these models for estimation of seismic
demand, in order to avoid the effect of the selected model
on the results, different models should be used for different
structures. This should be considered especially when using
model No02, which is nowadays the main model in PBD, since
the results of different studies show that the use of this model
for all structures can lead to inaccurate estimation of seismic
demand [20].
7.2. PSDMs with one combined IM
In the previous section, it has been shown that it is not
possible to construct a proper PSDM for all frames with
a different number of stories, using four single intensity
measures. In this section, it is attempted to construct an
optimum PSDM using a combined IM. So, by the use of 4
parameters of PGA, SA1, SA2 and SA3, nine combined intensity
measures are defined and used as IM in Eq. (7) to make 9
different models as follows:
Model No05: ln(DR) = a. ln  SA1+PGA2 + w + σ .ε,
Model No06: ln(DR) = a. ln  SA1+SA22 + w + σ .ε,
Model No07: ln(DR) = a. ln  SA1+SA32 + w + σ .ε,
Model No08: ln(DR) = a. ln
√
SA1.PGA

+ w + σ .ε,
Model No09: ln(DR) = a. ln
√
SA1.SA2

+ w + σ .ε,
Model No10: ln(DR) = a. ln
√
SA1.SA3

+ w + σ .ε,
Model No11: ln(DR) = a. ln

SA12 + PGA2

+ w + σ .ε,
Model No12: ln(DR) = a. ln

SA12 + SA22

+ w + σ .ε,
Model No13: ln(DR) = a. ln

SA12 + SA32

+ w + σ .ε.
Now, by estimating standard deviations of models No05–No13,
using the Bayesian statistic, which is drawn in Figure 6, one can
comment on their efficiency and sufficiency. The most obvious
point of these results is that generally the standard deviation of
thesemodels is less than themodels constructed in the previous
section. Also, it can be argued that the standard deviation of
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Although these two points can to some extent be indicative of
the efficiency and sufficiency of the models, it seems that it is
not possible to introduce and offer one of these models as an
ideal PSDM. In fact, thoughmodels No05, No07, No08, No11 and
No13 in 3-storey frames, models No05, No08 and No11 in 6-
storey frames, models No05, No06, No08, No09, No11 andN012
in 9-storey frames, models No06, No09 and No12 in 12-storey
frames, and models No06 and No12 in 15-storey frames can be
considered acceptable, as is obvious, none are common in all
frames. On the other hand, appropriate and optimummodels in
low-rise frames are different from those in mid-rise and high-
rise frames.
In facts the main problem of combined IM is that when a
strong IM combineswith aweak IM, the final result is a decrease
in the accuracy of the model; the most obvious example is
model No06 in 3 and 6-storey frames. The relatively high σ of
these models indicates that the weak intensity measure of SA2
in a 3-storey frame leads to a decrease in the unprecedented
accuracy of the SA1 intensity measure. Moreover, the results of
other research have shown that the greatest problem of such
models is their practicality [21]. In fact, the particular way of
combining IMs applied to these models makes their use in
the PBD framework problematic, as there is no common and
known method for determining their seismic hazard curves
using probabilistic seismic hazard analysis. However, it does
not seem that the appropriate PSDM can be found within the
models introduced in this section.7.3. PSDMs with two combined IMs
After becoming obvious that none of the defined models
in the previous sections, whose construction used a single or
combined IM, can be introduced as the best PSDM in this
section, a new form will be proposed for the construction of
PSDM in which two single IMs are used for the construction,
that is:
ln(DR) = a. ln(IM1)+ b. ln(IM2)+ w + σ .ε. (8)
By using four parameters of PGA, SA1, SA2 and SA3, six PSDMs
can be defined as follows:
Model No14: ln(DR) = a. ln(SA1)+ b. ln(PGA)+ w + σ .ε,
Model No15: ln(DR) = a. ln(SA1)+ b. ln(SA2)+ w + σ .ε,
Model No16: ln(DR) = a. ln(SA1)+ b. ln(SA3)+ w + σ .ε,
Model No17: ln(DR) = a. ln(PGA)+ b. ln(SA2)+ w + σ .ε,
Model No18: ln(DR) = a. ln(PGA)+ b. ln(SA3)+ w + σ .ε,
Model No19: ln(DR) = a. ln(SA2)+ b. ln(SA3)+ w + σ .ε.
The estimated standard deviations of these models through
the Bayesian statistic have been drawn in Figure 7. The results
obtained from this section show that apparently the proper
and appropriate PSDM should be found within these models,
i.e. model No15, which is a combination of first and second
mode spectral accelerations, and it is appropriate in respect to
the efficiency and sufficiency regarding its standard deviations
within different frames. In fact, the main advantage of this
model is that it is capable of using the accuracy of both intensity
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when this model is used for the estimation of seismic demand
in a 3-storey frame, SA1 plays the main role, and when it is
used in a 15-storey frame, the SA2 has the greatest influence.
This makes its standard deviation and its accuracy constant and
acceptable for all frames.
It should be mentioned that the use of this model is more
difficult than thosemodels using just one IM, and it needsmore
calculations, but it does not make it impossible to use within
the PBD framework. So far, these models have been used for
estimation of seismic demand [20]. Anyway, considering all
conditions and probabilities, model No15 can be introduced as
the best PSDM for SMRFs with a different number of stories.
8. Discussion and conclusion
In this study, it was attempted to construct the most pre-
cise possible probabilistic seismic demand model to estimate
the seismic demand of steel moment-resisting frames with dif-
ferent numbers of stories, using Bayesian statistics. Considering
the fundamental role of such a model in the accurate estima-
tion of seismic demand,which is regarded as amain constituent
of the recently developed performance-based designmethod, it
can be argued that the spread of such a model can play a signif-
icant role in designing reliable structures. Applying a Bayesian
approach, which is an extraordinary tool in the simultaneous
modeling of uncertainty and randomness, in estimations and
evaluations, makes the obtained results adequately accurate.Also, the use of generic frames in the modeling of structures
leads to the generalizability of results. Moreover, in order for
the obtainedmodel to be valid for all performance levels, incre-
mental dynamic analysis has been used for the production of
databases used in statistical estimations.
As the first step in the construction of PSDM, the best
mathematical form has been selected for defining the model.
The results obtained from Bayesian estimation have shown that
the best mathematical function for describing the Naperian
logarithmof the seismic demand parameter, defined here as the
maximum inter-storey drift ratio, is a linear combination of the
Naperian logarithm of the IM parameter.
After selection of the proper form, for completing the
construction of a PSDM that is appropriate for all frames
with any number of stories, it is necessary to select a proper
intensity measure parameter. For ease of use and practicality,
first, peak ground acceleration and spectral acceleration in first,
second and third modes have been selected as IM parameters.
However, the results were considerably disappointing. It was
shown that by using a spectral acceleration alone, one can
never construct a model that can be utilized in all frames
with different heights and with acceptable accuracy in all
situations. In fact, the proper model for low-rise and brittle
frames is not suitable for the estimation of demand in high-
rise and deformable, and vice versa. This matter was especially
investigated for the model widely used in the PBD framework
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mode spectral acceleration. It was shown that it is not an
accurate model for estimation of demand in 9-, 12- and 15-
storey frames.
Two main reasons can be mentioned regarding this matter,
i.e. the inability of an individual spectral acceleration, especially
first mode spectral acceleration, in estimation of seismic
demand for all frames. The first one is the higher mode effect,
which, in some structures, makes the first mode insufficient for
describing the behavior of the structure. The second reason is
the nonlinear behavior of structures at high level performance,
which leads to some changes in the stiffness of the structure
and as a result some changes in the period. So, the first mode
spectral acceleration is no longer an accurate estimator at these
levels. For example, in a 3-storey frame inwhich the behavior of
the structure is almost linear before reaching the yielding point
(Figure 2), there is no nonlinear behavior and the first mode
is dominant, estimation of the demand based on first mode
spectral acceleration is logical and such a model has acceptable
accuracy. But, in a 15-storey frame in which the first mode is no
longer the absolute dominant and the behavior of the structure
is nonlinear before collapse (Figure 2), it is common for this
model to lose its accuracy considerably.
In this study, to overcome this problem, some models were
used for estimation of demand in which the intensity measurewas a combined parameter, i.e. 9 different models were
constructed in which the intensity measure was constituted
from a combination of two spectral accelerations. Although
generally these new models lead to an increase of accuracy in
estimation of seismic demand tangibly, it is not possible to find
a model among them whose accuracy is acceptable and the
same for all frames with any height. What is noticeable here is
that the combination of a strong intensity measure with a weak
intensity measure leads to the construction of a model which
is not accurate enough in the estimation of demand. Besides
the main problem of these models being the difficulty of their
use within the framework of PBD, as in the common methods
of probabilistic seismic hazard analysis, it is not possible to
calculate the annual frequency of exceeding such an intensity
measure.
Finally, for construction of a proper model applicable to all
frames, the use of two intensity measures was recommended
to define PSDM. Although the use of such models within the
PBD framework ismore difficult thanmodelswith one intensity
measure, it is not impossible and impractical. In fact, for using
such models, it is sufficient to modify Eq. (1) as follows [22]:
λDR(x) =
∫
P[DR > x|IM1 = y&IM2 = z]
× f (IM2 = z|IM1 = y)|dλIM(y)|, (9)
894 M. Mahdavi Adeli et al. / Scientia Iranica, Transactions A: Civil Engineering 18 (2011) 885–894where f (IM2 = z|IM1 = y) denotes the conditional probability
density function of IM2, given IM1 and the other terms are
similar to Eq. (1). By assuming a normal distribution, this
function can be calculated [20].
The practicality of these models is very significant, since
based on the results of this study, it would seem that the
only possible way for construction of a proper model for all
frames is the use of such a form for PSDMs. In other words,
in the case of applying two proper intensity measures, one
can construct a PSDM using this form, which is proper and
acceptable for all frameswith any number of stories. The results
obtained from this study show that these two proper intensity
measures are spectral accelerations in the first and second
mode, i.e. a linear combination of the Naperian logarithm of
first and second mode spectral acceleration is the best possible
relation for construction of one PSDM in such a way that it
is adequately acceptable for all steel moment-resisting frames
with any number of stories.
Finally, it should be noted that generally the obtained results
from this study are limited and confined to themodeled frames.
Certainly, for obtaining more general and generalizable results,
much more investigation is required.
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